Peptidoglycan is polymerized by monofunctional D,D-transpeptidases belonging to class B penicillin-binding proteins (PBPs) and monofunctional glycosyltransferases and by bifunctional enzymes that combine both activities (class A PBPs). Three genes encoding putative class A PBPs (pbpF, pbpZ, and ponA) were deleted from the chromosome of Enterococcus faecium D344R in all possible combinations in order to identify the glycosyltransferases that cooperate with low-affinity class B Pbp5 for synthesis of peptidoglycan in the presence of ␤-lactam antibiotics. The viability of the triple mutant indicated that glycan strands can be polymerized independently from class A PBPs by an unknown glycosyltranferase. The susceptibility of the ⌬pbpF ⌬ponA mutant and triple mutants to extended spectrum cephalosporins (ceftriaxone and cefepime) identified either PbpF or PonA as essential partners of Pbp5 for peptidoglycan polymerization in the presence of the drugs. Mass spectrometry analysis of peptidoglycan structure showed that loss of PonA and PbpF activity led to a minor decrease in the extent of peptidoglycan cross-linking by the remaining PBPs without any detectable compensatory increase in the participation of the L,D-transpeptidase in peptidoglycan synthesis. Optical density measurements and electron microscopy analyses showed that the ⌬pbpF ⌬ponA mutant underwent increased stationary-phase autolysis compared to the parental strain. Unexpectedly, deletion of the class A pbp genes revealed dissociation between the expression of resistance to cephalosporins and penicillins, although the production of Pbp5 was required for resistance to both classes of drugs. Thus, susceptibility of Pbp5-mediated peptidoglycan cross-linking to different ␤-lactam antibiotics differed as a function of its partner glycosyltransferase.
Bacterial peptidoglycan polymerization is performed by multienzymatic complexes that include high-molecular-weight class A and B penicillin-binding proteins (PBPs) (16) . Class A PBPs combine the two activities essential for peptidoglycan polymerization, glycosyltransferase and D,D-transpeptidase, in a single polypeptide chain. Class B PBPs are monofunctional D,D-transpeptidases that must cooperate with a glycosyltransferase to synthesize peptidoglycan (6) . Since ␤-lactam resistance is frequently mediated by low-affinity class B PBPs in gram-positive bacteria, the cooperation has a key role in the mechanisms of resistance to this class of drugs. In Staphylococcus aureus, expression of methicillin resistance requires the glycosyltransferase activity of the sole class A PBP produced by this species (Pbp2) and the D,D-transpeptidase activity of a low-affinity class B enzyme (Pbp2a) (10) . However, neither activity is required for growth in the absence of antibiotics since polymerization of glycan chains can alternatively be performed by a monofunctional glycosyltransferase (Mgt), a representative of an enzyme family which displays sequence similarity to the glycosyltransferase domain of class A PBPs (17) . These phenotypes imply the existence of a functional interaction between the D,D-transpeptidase domain of Pbp2a and the glycosyltransferase domain of PBP2, which is essential for peptidoglycan synthesis (10, 17) . In Enterococcus faecalis, resistance to extended spectrum cephalosporins such as ceftriaxone similarly requires a cooperation between low-affinity class B Pbp5 and at least one (PonA or PbpF) of the three class A PBPs produced by this species (PonA, PbpF, and PbpZ) (1) . Deletions of the three class A pbp genes (ponA, pbpF, and pbpZ) led to a viable mutant, indicating that glycan chain polymerization can be alternatively performed by an as-yetunidentified enzyme that does not display any similarity to known peptidoglycan glycosyltransferases (including Mgt). Wild-type E. faecalis is susceptible to the glycosyltransferase inhibitor moenomycin, but deletion of ponA and pbpF or of the three class A pbp genes leads to resistance to this drug. This implies that PonA and PbpF are the lone essential targets of moenomycin in E. faecalis, although neither of the two class A PBPs is essential for viability. To explain this paradoxical result, it has been proposed that binding of moenomycin to PonA or PbpF might poison the peptidoglycan polymerization complexes, thereby preventing their functional replacement by the surrogate unknown enzyme (1) .
In Enterococcus faecium, resistance to ␤-lactam antibiotics is conferred by a low-affinity class B PBP, Pbp5, which is closely related to the Pbp5 of E. faecalis (18) . However, the resistance phenotypes conveyed by these species-specific enzymes differ in ways that have a major impact on the therapeutic use of ␤-lactams. E. faecium has a higher capacity to acquire high levels of resistance to ampicillin under the selective pressure of this antibiotic. For E. faecalis, the distribution of the MICs of ampicillin against clinical isolates is very narrow, and reports of levels of resistance higher than 2 to 4 g/ml are exceptional (15) . This parallels the difficulty in selecting mutants of E. faecalis with increased resistance to ampicillin in laboratory conditions. In contrast, substitutions in Pbp5 of E. faecium are responsible for decreased interaction of the enzyme with ampicillin and increased levels of resistance to this antibiotic (12) . In clinical isolates, such substitutions, which may be associated with overproduction of the enzyme, lead to resistance at levels exceeding therapeutically achievable drug concentrations (20) . To gain insight into the mechanism of Pbp5-mediated ␤-lactam resistance and its capacity to evolve toward high-level resistance in E. faecium, we characterized here the contribution of class A PBPs to viability, peptidoglycan structure, bacterial cell morphology, and resistance to different classes of ␤-lactam antibiotics. This analysis revealed an additional unexpected level of complexity in the interaction of Pbp5 with class A enzymes, since deletion of the corresponding genes led to dissociated resistance to ampicillin and extended spectrum cephalosporins ceftriaxone and cefepime.
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains and plasmids used in the present study are described in Table 1 . E. faecium D344R is a clinical isolate expressing moderate levels of resistance to ampicillin (MIC ϭ 16 g/ml) and high levels of resistance to ceftriaxone (MIC Ͼ 2,000 g/ml). E. faecium D344S is an ampicillin-susceptible derivative of D344R that has lost the pbp5 gene as a part of an ϳ160-kb spontaneous chromosomal deletion (13) . D344SRF is a derivative of D344S that has acquired resistance to fusidic acid and rifampin after sequential exposure to these antibiotics. Plasmid pTEX5500 ts is an E. coli-enterococcal shuttle vector that is temperature sensitive for replication (9) . This vector encodes an aminoglycoside phosphotransferase and a chloramphenicol acetyltransferase conferring resistance to gentamicin and chloramphenicol, respectively (9) . pTEX5500 ts ⌬cat (the present study) is a derivative of pTEX5500 ts that was constructed by deleting the cat gene of pTEX5500 ts using restriction enzyme StuI. The cat genes of pTEX5500 ts and pWM401 (19) were used for allelic replacement. Plasmid pCWR1686 was constructed by amplifying pbpF from D344R with the primers pbpF-upstream and pbpF-stop (Table 1) , followed by cloning the PCR product into the shuttle vector pTCV-lac using the restriction enzyme BamHI.
Microbiological techniques. MICs for selected antimicrobial agents against the different strains were performed by using a broth microdilution technique as described by the Clinical Laboratory Standards Institute (2), except that brain heart infusion (BHI) broth was used instead of cation-supplemented MuellerHinton broth. Population analysis was performed on stationary (overnight growth)-or log (optical density at 600 nm [OD 600 ] ϭ 0.8)-phase cultures by plating 10-fold dilutions of bacterial suspensions on BHI agar plates containing twofold serial dilutions of the antibiotics as previously described (3). CFU were enumerated after 24, 48, and 72 h of incubation at 37°C.
Disc susceptibility tests were performed by moistening a sterile cotton swab with a dilution of a stationary-phase culture in 0.9% saline to a 1.0 McFarland standard culture and spreading it onto BHI agar plates without antibiotics. Commercially available antibiotic-impregnated discs (BBL Microbiology, Sparks, Md.) were placed onto the plates, and the inhibition zones were determined after overnight incubation at 37°C. An additional incubation of 24 h was performed to detect colonies appearing within the zone of inhibition. For tests of synergism between ceftriaxone and ␤-lactamase inhibitors, 10 l of a 1-mg/ml solution of clavulanic acid, sulbactam, or tazobactam was added to commercially available ceftriaxone discs (30 g).
PCR amplification of chromosomal genes. PCR amplification of internal fragments of target genes or of their flanking sequences was performed as previously described (13) with the primers listed in Table 1 . Restriction sites were included at the end of the primers to facilitate subsequent cloning of PCR fragments.
Preparation of competent E. faecium cells and electroporation conditions. Bacteria were grown overnight in BYGT broth (BHI plus 0.5% yeast extract, 0.4% glycerol, and 0.1 M Tris [pH 8.0]) (4), diluted (1:20 to 1:100, depending on growth) in BYGT, and grown to an OD 600 of 0.4. An equal volume of a prewarmed (37°C) solution of 1 M sucrose containing glycine (5% [wt/vol]) was added to the culture, and incubation was continued for 1 h at 37°C. Cells were collected by centrifugation (4,300 ϫ g for 10 min at 4°C), and the supernatant was removed. Cells were resuspended by gentle swirling in the original volume of ice-cold wash buffer (7 mM Na 2 HPO 4 , 500 mM sucrose, 1 mM MgCl 2 [pH 7.4]) and collected by centrifugation as described above. The cells were washed a second time and resuspended in 1/100 of the original volume of ice-cold wash buffer containing glycerol (15% [vol/vol]). Aliquots (50 l) were immediately frozen in prechilled tubes and stored at Ϫ80°C.
Electroporation of E. faecium cells (50 l) with 5 to 10 g of purified plasmid DNA was performed in cuvettes (2-mm gap) using a potential of 2.5 kV, a capacity of 25 F, and a shunt resistance of 200 ⍀. Electroporated bacteria were diluted with 550 l of BYGT broth containing 0.25 M sucrose and incubated for 2 h at 37°or 25°C according to the thermosensitivity of plasmid replication. Transformants were selected on BHI agar plates containing chloramphenicol (10 g/ml) or gentamicin (125 g/ml).
Deletion of pbp genes. The allelic replacements were performed according to the strategy described by Arbeloa et al. (1) , although the specific steps differed for the different constructs. For the pbpF and ponA deletion constructs, the individual genes and at least 500 bp of their flanking sequences were amplified by PCR from the D344R chromosome and cloned into pCC1 and PCR-XL-TOPO, respectively. The pbpF and ponA open reading frames were deleted from the resulting plasmids using inverse PCR and primers containing SalI sites. For the pbpZ deletion construct, the flanking sequences were separately amplified with primers containing a SalI site and cloned into PCR-XL-TOPO. The sequences flanking ponA, pbpF, and pbpZ were subcloned into the NsiI site of pTEX5500 ts ⌬cat, and the cat gene of pWM401 (ponA and pbpF) or of pTEX5500 ts (pbpZ) was cloned into the engineered SalI sites at the junction between the flanking sequences. E. coli DH10B was used as a host for plasmid construction. Plasmid DNA extracted from E. coli (Wizard miniprep kit; Promega, Madison, WI) was introduced into E. faecium cells as described above. Plasmid DNA was extracted from E. faecium cells (5) grown at the permissive temperature to confirm the restriction patterns of the recombinant plasmids.
Allelic replacements in E. faecium cells harboring derivatives of pTEX5500 ts ⌬cat were selected essentially as previously described (9) with minor modifications. Briefly, overnight broth cultures grown at 44°C were plated on BHI agar containing chloramphenicol (10 g/ml), followed by incubation at 37°C overnight or until colonies appeared. Transformants were serially subcultured at 44°C in the absence of antibiotic (7 to 10 overnight cultures prepared with a 1:1,000 inoculum) and then plated on BHI agar containing chloramphenicol (10 g/ml). Genomic DNA was extracted from individual colonies as previously described (14) and analyzed by Southern hybridization using digoxigenin-labeled probes containing sequences internal or flanking the target pbp gene. Clones displaying the restriction pattern expected for a single crossover were subcultured without antibiotics at 37°C (four overnight cultures) and plated on BHI agar to obtain colonies that were replica plated onto agar containing gentamicin (125 g/ml) or chloramphenicol (10 g/ml). Southern hybridization was performed on chloramphenicol-resistant and gentamicin-susceptible clones to confirm the presence of the restriction pattern expected for the allelic replacement.
In order to construct multiple chromosomal deletions, the cat cassette was removed from its chromosomal location (1). This was accomplished by repeating the integration-excision cycle described above using a thermosensitive plasmid containing only the flanking sequences. In the final step, genomic DNA was isolated from colonies susceptible to both chloramphenicol and gentamicin and analyzed by Southern hybridization and PCR to confirm the restriction patterns expected for deletion of the target pbp genes.
Transmission electron microscopy. Bacteria from overnight or log-phase (OD 600 ϭ 0.8) cultures grown in BHI broth with or without ceftriaxone (10 g/ml) at 37°C were fixed in Karnovsky fixative in 0.1 M phosphate buffer, postfixed in osmium tetroxide, dehydrated in graded ethanol, and embedded in a plastic medium. Thick sections were cut from the plastic-embedded tissue using glass knives and stained with toluidine blue. Ultrathin sections were cut by using a diamond knife and mounted on copper grids. The grids were stained with uranyl acetate and lead citrate and examined with a Tecnai-10 electron microscope (Fei Company, Hillsboro, OR).
Cell lysis experiments. BHI broth was inoculated with an overnight culture (OD 600 ϭ ϳ0.015), and the OD 600 was determined hourly for 14 h during the day and after overnight incubation (23 h) at 37°C. In separate experiments, BHI was similarly inoculated in the evening, and the OD 600 was determined hourly during the following day (14 to 23 h of incubation at 37°C).
Determination of peptidoglycan structure. Bacteria were grown at 37°C in BHI broth (Difco Laboratories, Detroit, MI) to an OD 600 of 0.8. Peptidoglycan was extracted with boiling sodium dodecyl sulfate, treated with proteases, and digested with mutanolysin and lysozyme, as previously described (1). The muropeptides were independently treated with ammonium hydroxide to cleave the ether link internal to MurNAc (1) and with sodium borohydride to reduce MurNAc residues (1). The resulting lactoyl-peptides and reduced disaccharidepeptides were separated by reversed-phase high-pressure liquid chromatography (rp-HPLC), identified by mass spectrometry, and sequenced by tandem mass spectrometry (1).
RESULTS AND DISCUSSION
Class A PBPs are dispensable for growth of E. faecium. Comparison of the genome of E. faecalis and E. faecium indicated that the two species produce similar complements of six high-molecular-weight PBP orthologues, including three class A (PonA, PbpF, and PbpZ) and three class B (Pbp5, PbpA, and PbpB) enzymes. The three genes encoding the class A PBPs were successfully deleted from the chromosome of E. faecium strain D344R, as shown by Southern hybridization analysis (Fig. 1) . As previously shown for E. faecalis, the viability of the triple mutant indicates that glycan strands can be polymerized independently from class A PBPs. The surrogate enzyme was not identifiable based on sequence similarity with the glycosyltransferase domain of class A PBPs. This result cannot be formally considered as definitive since the genome of E. faecium has not yet been fully assembled. Successful construction of the triple mutant also indicates that the D,Dtranspeptidase domain of the three class A PBPs is dispensable for peptidoglycan cross-linking. This result was expected since low-affinity Pbp5 was proposed to be the lone functional D,Dtranspeptidase in cultures of E. faecium grown in the presence of high concentration of ␤-lactams that inactivate all of the other PBPs (18) .
Impact of pbp gene deletions on the activity of inhibitors of peptidoglycan polymerization. In contrast to E. faecalis, E. faecium is resistant to the glycosyltransferase inhibitor moenomycin. The basis for this difference is unknown. The triple mutant obtained by the deletion of pbpF, ponA, and pbpZ remained resistant to this antibiotic ( Table 2) . The E. faecium surrogate of class A PBPs therefore appears to be insensitive to inhibition by moenomycin since this was also inferred from the moenomycin-resistant phenotype of class A PBP mutants from E. faecalis (1) .
Ceftriaxone MIC determinations (Table 2) indicated that Pbp5 was required for resistance to cephalosporins, as previously described (12) . Deletion of class A pbp genes in all possible combinations showed that either PonA or PbpF was required for ceftriaxone resistance mediated by low-affinity Pbp5. Deletion of orthologue genes also led to ceftriaxone susceptibility in E. faecalis (1) . As discussed in the introduction, this phenotype implies that the low-affinity Pbp5 cooperates with the glycosyltransferase domain of specific class A PBPs (PbpF or PonA) for peptidoglycan polymerization. In conditions where all PBPs except Pbp5 are inactivated by ␤-lactams, the D,D-transpeptidase activity of Pbp5 combined with the glycosyltransferase activity of PbpZ or of the unknown surrogate enzyme are not sufficient to sustain the synthesis of a functional stress-bearing peptidoglycan layer. The similarity of the phenotypes observed in E. faecium and in E. faecalis suggests that the functional interactions between PBP orthologues are similar in the two species. Consistent with this notion, PbpF from E. faecium was previously found to restore resistance to ceftriaxone in a ⌬pbpF ⌬ponA mutant of E. faecalis (1) . Surprisingly, deletion of the class A pbp genes of E. faecium D344R did not lead to susceptibility to ampicillin (Table 2) or to susceptibility to a range of other cephalosporins (cefoxitin, cefotetan, and cefazolin) (data not shown). The only other cephalosporin tested that exhibited the heterogeneous resistance phenotype was cefepime, which, like ceftriaxone, has an oxyimino-aminothiazolyl 7-acyl side chain. This unexpected observation cannot be accounted for by the simple cooperation model previously developed to explain the role of specific class A PBPs in ␤-lactam resistance in E. faecalis and S. aureus (see above). The persistence of similar levels of resistance to ampicillin and to cephalosporins lacking the oxyimino-aminothiazolyl 7-acyl side chain indicates that Pbp5 is still present and capable of conferring resistance to ampicillin.
Emergence of ceftriaxone resistance in the ⌬pbpF ⌬ponA and in the triple class A pbp mutants. Population analyses (Fig.  2) showed that E. faecium D344S lacking pbp5 was homogeneously susceptible to ceftriaxone, whereas the parental strain D344R and the mutants obtained by deletion of ponA and pbpZ, alone or in combination, were homogeneously resistant to this antibiotic. In contrast, cultures of the double ⌬pbpF ⌬ponA mutant contained a major (ca. 999 of 1,000 CFU) subpopulation susceptible to ceftriaxone that was inhibited by drug concentrations of Ն4 g/ml and a minor subpopulation (ca. 1 of 1,000 CFU) that was able to form colonies in the presence of high concentrations of ceftriaxone (up to 1,000 g/ml). A similar heterogeneous phenotype was observed with the triple ⌬pbpF ⌬pbpZ ⌬ponA mutant. The ⌬pbpF mutant was resistant to ceftriaxone, although a gradual decrease in the number of CFU was observed for high (Ͼ128 g/ml) drug concentrations. Complementation of the ⌬pbpF ⌬ponA mutant with a plasmid copy of pbpF restored the homogeneous resistant phenotype (Table 2) .
Representative members of the resistant subpopulations from the D344R double (⌬ponA ⌬pbpF) and triple (⌬ponA ⌬pbpF ⌬pbpZ) mutants were isolated and shown to express homogeneous resistance to ceftriaxone (data not shown). Subcultures performed in the absence of ceftriaxone for ca. 100 generations revealed that homogeneous resistance was stably inherited, suggesting that the variants had acquired mutations.
Induction of ceftriaxone resistance by penicillin in the double (⌬pbpF ⌬ponA) and triple (⌬pbpF ⌬pbpZ ⌬ponA) mutants. The disc diffusion assay revealed blunting of the inhibition zone around the ceftriaxone disc in the proximity of the penicillin disc in the double and triple mutants (Fig. 3 and data not  shown) . Induction of ceftriaxone resistance by penicillin was, as expected, fully reversible, as shown by the analysis of bacteria recovered from the portion of the agar plate that contained both antibiotics. Inducible production of a ␤-lactamase could not account for the penicillin-inducible resistance phenotype since ␤-lactamase inhibitors (clavulanic acid, sulbactam, and tazobactam) did not prevent induction. In addition, hydrolysis of nitrocefin, a chromogenic substrate of ␤-lactamases, was not detected (data not shown).
Impact of the ponA and pbpF deletions on peptidoglycan structure. The peptidoglycans of the parental strain D344R and of the D344R ⌬pbpF ⌬ponA mutant were purified and digested with muramidases, and lactoyl-peptides were prepared by removing the disaccharide moiety of peptidoglycan fragments. This treatment simplifies the analysis of the peptide portion of the peptidoglycan fragments since it eliminates the polymorphisms associated with the acetylation of MurNAc residues and with the amidation of the side chain residues (1). In addition, the lactoyl-peptides are more easily sequenced by tandem mass spectrometry than the complete disaccharidepeptides (1) .
Separation of the lactoyl-peptides from D344R ( Fig. 4A ) and D344R ⌬pbpF ⌬ponA (Fig. 4B) by rp-HPLC and analysis of the content of individual peaks by mass spectrometry (Fig.  4C) revealed that the same peptides were present in the peptidoglycans of the two strains. Thus, deletion of the ponA and pbpF genes did not alter the amino acid sequence of the peptide portion of the peptidoglycan network. Alterations in the relative abundance of the lactoyl-peptides were only minor. Differences associated with the deletion of the pbp genes included a minor increase in the proportion of monomers (from 22.9 to 29.3%), mainly due to an increase in the unsubstituted lactoyl-tripeptide monomer (peak A) to the detriment of the trimers (peaks J and K). This moderate decrease in the extent of peptidoglycan cross-linking was not associated with any modification of the stem peptides participating in the crosslinking reaction, as shown by extensive analysis of peptide dimers by tandem mass spectrometry. In particular, the abundance of the dimer generated by L,D-transpeptidation (peak F) remained low in the mutant. Thus, loss of the D,D-transpeptidase activity of PonA and PbpF did not result in a compensatory increase in the participation of the L,D-transpeptidase to peptidoglycan cross-linking (7).
Comparison of peptidoglycan structure was completed by the analysis of reduced disaccharide-peptides (Fig. 4D , E, and F) in order to identify any modification in the disaccharide moiety of muropeptides or in the amidation D-Asp residues that form the side chain of stem peptides in E. faecium. As found for lactoyl-peptides (above), the disaccharide-peptide compositions of the two peptidoglycan preparations were very similar. Deletion of ponA and pbpF was not found to indirectly affect the amidation of the ␣ carboxyl end of D-Asp. The   FIG. 4 . Analysis of peptidoglycan structure. Lactoyl-peptides from E. faecium D344R (A) and from the ⌬pbpF ⌬ponA double mutant (B) were analyzed by rp-HPLC (mAU, absorbance unit [10 increase in the relative abundance of the lactoyl-tripeptide noticed above (peak A) could potentially be correlated to an increase in the abundance of the disaccharide-tripeptide (peak 3) and its acylated form (peak 5), since elimination of the disaccharide moiety of the two disaccharide-peptides should result in the same lactoyl-peptide. The increase was more pronounced for peak 5, suggesting that acetylation of the disaccharide-tripeptide could be increased with the combined ⌬pbpF ⌬ponA deletions. However, the complexity of the rp-HPLC profiles led to partially overlapping peaks that often contained more than one peptidoglycan fragment. For this reason, the extent of MurNAc O acetylation could not be precisely evaluated.
Impact of the deletion of class A pbp genes on bacterial cell morphology. Transmission electron microscopy was performed on the parental strain and the double mutant (⌬pbpF ⌬ponA) for both the exponential and the stationary phases of growth (Fig. 5) . Deletion of ponA and pbpF was associated with the presence of a large number of lysed cells during the stationary phase. These results indicate that the peptidoglycan layer synthesized in the absence of the two class A PBPs is more sensitive to autolysins than the polymer produced by wild-type stains. In agreement, OD measurements (Fig. 6 ) revealed significant lysis during the stationary phase for the double ⌬pbpF ⌬ponA mutant but not for the parental strain D344R or for the ⌬pbpF ⌬ponA double mutant in which pbpF was present on plasmid pCWR1686.
Conclusions. The genes encoding class A PBPs in E. faecium were deleted from the chromosome of strain D344R (Fig. 1) to identify which of these enzymes is required for intrinsic ␤-lac- (Table 2 ). This analysis revealed several conserved functional features in PBP orthologues from E. faecium and E. faecalis (1) . In both bacterial species, the class B low-affinity Pbp5 proteins function in concert with either the PonA or PbpF orthologues to synthesize peptidoglycan in the presence of concentrations of ceftriaxone sufficient to inhibit all of the D,D-transpeptidases except the Pbp5 proteins. In both species, the D,D-transpeptidase activity of PonA and PbpF were unessential for efficient peptidoglycan crosslinking (Fig. 4) (1) , although the present study revealed that the peptidoglycan produced by E. faecium in the absence of PonA and PbpF displayed an increased susceptibility to autolysins ( Fig. 5 and 6 ). The viability of mutants lacking ponA, pbpF, and pbpZ indicated that the glycosyltransferase activity of class A PBPs can be bypassed by an unknown surrogate enzyme in both enterococcal species, as was also observed in Bacillus subtilis (8) . The nature of the surrogate enzyme is completely unknown except for its lack of similarity to known peptidoglycan glycosyltransferases, including class A PBPs and monofunctional enzymes (Mgts), and the absence of inhibition by moenomycin inferred from the resistance phenotype of the mutants. Unexpectedly, deletion of the class A pbp genes revealed dissociation between the expression of resistance to cephalosporins and penicillins. Production of Pbp5 was required for resistance to the two classes of drugs, as shown by the resistance phenotype of the pbp5 deletion mutant (Table 2 ). In contrast, the double ⌬pbpF ⌬ponA and triple ⌬pbpF ⌬pbpZ ⌬ponA mutants remained resistant to penicillins and to cephalosporins lacking the oxyimino-aminothiazolyl 7-acyl side chain (Table 2 ). This observation revealed an unforeseen complexity in the mechanism of ␤-lactam resistance in E. faecium, since it implies that the susceptibility of Pbp5-mediated peptidoglycan cross-linking to different ␤-lactam antibiotics differs as a function of the glycosyltransferase partner produced by the host. The existence of different conformations of Pbp5 with different affinities (or reactivities) for penicillins and cephalosporins could account for the observed phenotype since binding of Pbp5 to different glycosyltransferases could modify the equilibrium between the conformations. Alternatively, regulation of the synthesis of a factor essential for Pbp5-mediated ␤-lactam resistance might be involved. In support of this hypothesis, we have shown that penicillin induces ceftriaxone resistance in the ⌬pbpF ⌬ponA double and triple mutants (Fig.  3) . The heterogeneous phenotype of the class A pbp deletion mutant (Fig. 2) and the ease of selection of mutant resistant to ceftriaxone is compatible with the existence of a regulatory switch.
The dramatic lysis of E. faecium cells during stationary phase in the ⌬pbpF ⌬ponA double mutant was also unexpected (Fig.  5 and 6 ). An increased sensitivity to lytic enzymes could result from a reduction in the number of the glycosidic and peptide linkages in cells lacking these two PBPs. Alternatively, this phenotype may not reflect an increased sensitivity to autolysins at all but rather suggests the existence of a specific interaction between PbpF and the autolysins that could impact the activity of the autolysin or interfere with interactions between the autolysin and the peptidioglycan during stationary phase. Identifying and characterizing the fourth glycosyltransferase will be an important step in understanding the molecular bases for these interesting phenotypes.
